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TI TENS=hE AND REEP PROPERTIFS OF TITANILI.',

SOME BINARY TITANIU ,LT,LrIUji 1LLOYS, ;;,T SOME

TERNARY AJlLOYS BiASID ON A TITNILEi 5 fII ALiLOY

by

J. . Roes, B.Sc.

NWith ,.P7-?jMIX

Nby
(' 'Vriam D. Dborall, B.A.

Report on 'work carried out by The British Non-Ferrous 1,1ietals Research

Association under agreement No.7/Exptl/527/R3 for the !,anistry of Supply.

This report describes a study of the tensile and creep properties of
titanium, titanium-aluminium binary alloys, and of ternary alloys containing
as major constituents in addition to aluminium, boron, carbon, hromium,

columium, iron, molybdenum, manganese, silicon, vanadium, tungsten or
z ireconium.

&s in earlier ivork described in another report( ) the object has been
to find alloys with useful creep properties at tomperatures up to 6500C.,
but in the work to date tac highest test temperature has been 5000C. In
the earlier wrork titanium-base alloys w(;re melted and cast in graphite, and
then rollkd to strip for mechanical tests, but in the present vrork an arc-
melting technique was adorted to avoid contamination of the alloys with
carbon.

In the earlier 'ork a vido range of binary alloys vras tested and it
appearecd that alloys containing alzini.i were particularly promising.
Unlike the other metallic alloying el ;s(nts used, aliminium raises the
alpha/eta transformation temperature(2) in titanium, and tests described
hero show that titanium-aluinium alloys can only be hot worked easily 'at
tumperatur( s near to or in the alpha plus beta or beta phase fields. Bearing
in mind the pottntial applications of any alloys 'with useful properties at
elevated temperatures it appeared desirable to restrict the hot working
temperature to not more than 10000 C., and partly for this reason the ternary
alloys described in this present work bre based on titanium 5% altriniun
alloys, although a somewhat higher altmLinium content would be compatible
rith this requirement. A further desirable requirement was that the
materials should have not less than 55' elongation in tensile tests; at the
outset of the work it appeared that on this score also the aluminiur content
;.ould have to be restricted to 5>a although, as the results in this report
show, alloys.of somewhat higher aluminiu. contents also gave the necessary
ductility.

The binary and ternary alloys were hot-rolled to strip and if the ;
hot-rolled materials had elongations of 5% or more they were tested in that
condition. Less ductile materials were annealed at 1,0000C. and slovly
cooled in an attempt to improve their ductility, and 'where this as
successful the annealed materials were also tested.
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The structures of the materials were studied by metallographic and
X-ray methods, and the report includes some account of the complex structures
observed and of the way in which these structures arose while the metallo-
graphy of the materials examined is described in detail in an Appendix.
The titanium-Aluninium alloys had all alpha structures, whose appearance
under the microscope differed markedly, depending upon the conditions
under which alpha was formed from the beta phase existing at hot working
or annealing temperatures. lJost of the ternary alloying additions that
were used were beta stabilisors and again a variety of micro-structurcs
were observed depending upon the conditions under which the alpha plus
beta structures were formed. In certain cases, notably in alloys contain-
ing chromium or iron, slow eutectoidal decomposition of the beta phase j,
during prolonged exposure to temperatures of the order of 4000C. and 5000C.
caused severe embrittlement.

The tensile properties of the alloys ranged from about 50 tons per
square inch U. T.S. and 18% elongation for the aznealed titanium-5% aluminium
alloy to figures of the order of 90 tons per square inch and 3% elongation
for some of the highly alloyed ternary alloys. In general the highest
strength compatible vith a minimiiumi ductility of 5% elongation was about
75 tons per square inch although in a nLwaber of individual cases higher
values of the order of 85 tons per square inch, were recorded.

The properties of the materials at elevated temperatures were explored
by stress-rupture tests at 4000C. and 5000C. The tests were of 500 hours
duration and were designed to reveal the stress producing 1% or less
extension in that time.

For the hot-rolled titanium at 4000 and 5000C. these stresses are
approximately.10 and 2 tons per square inch respectively. For the hot-
rolled titanium 5% aluminium alloy they are about 30 and less than 12 tons
per square inch respectively, while for the &o alu.inium alloy they are
35 and not less than 14 tons per square inch. Some of the ternary alloys
have considerably better creep properties, and alloys containing 5% or 1yo
molybdenum or 1% silicon or 10/1 zirconium will Tithstand stresses of the
order of 38 tons per square inch at 4000C. and extend less than 1% in 500
hours. At 5000C. the ternary alloys containing 5% aluriniLu are not much
better than the binary 8% aluminium alloy.

It is likely that the creep properties of the materials arc dependent
in part on their grain size. No evidence on this point is available in the
present work but the grain sizes of the materials have been recorded and
it is worthy of note that the binary 5% aluminiui alloy vas coarser grained
o 0.03 Lm. grain dia.) than the 8% alloy and most of the ternary alloys
0 .003 m.).

The binary and ternary alloys were quenched fron, 10000C and aged
at 4000 and 500oc. to deten.dne whether their mechanical properties could
be usefully improved by such treatLents. The alloys containing chromium,
iron, manganese and vanadim all hardened markedly and in the cases where
tensile tests were carried out on unbroken stress-rupture test pieces
(chromium and iron alloys) the hardening vas associated Yith severe
embrittlement. It seems unlikely that heat troatients of this kind could
be applied profitably to these alloys.

Of the ternary alloys with prorAsing creep properties only those
containing zirconium tended to be embrittled by exposure at elevated
temperatures, and in these cases only at 5000C. The tensile properties
of the alloys containing molybdenmi or silicon were not adversely affected
by such heat treatments.
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PREPAR:TION OF JTRLZJ S

Materials

The compositions of the titanium metal used for the preparation of the
alloys are set out below, most of the materials being made from the sponge
Q.A..B., which after arc melting gave hardness values averaging 180 V.P.N.

Composition 11

Iodide Ti (Sponge SPO..
__o____ (Q.A.B. )

C 0.02 - 0.03 0.06 -

Cl 0.06 0 0.05 - o10

ig 0.005 0. 03 0.01 - 0.05

Fe 0. 01 - 0. 05 0. 05 0.05

02 0.0311k 0.085 0 0.07 0

N2  0.05 0.05 0 0,01 - 0.03

Suppliers analysis figures

B.N.F. analysis figures

0 B.N.F. analysis figures on metal worked down to sheet.

The remaining values arc from a paper by Gee et al-(3 ) and are
for urmielted titanitmi.

Super-pure' alumxinium was used and the silicon- was from a specially
purified batch. The remaining addition elements were of high ooimercial
purity.

Composition of Alloys

The noi.Lnal or actual co:positions of the alloys arc included in the
tables of results to which reference is iade later. Oxygen analysis was
carried out with the Association's vacuum fusion apparatus.(5).

Arc Melting

The furnace has been fully described elsewhere(4). 1,6elting takes place
in a water-cooled copper mould, the base of which is retractable, and the
arc is struck between the metal to be melted and the -Ve tungsten electrode.
The alloys were melted in 40 ci.Hg. pressure of argon, purified by gettering
with molten titanium. 1ibost of the ingots were 2 in. x 1-1 in. x I in. in
size, weighcd 200 gins. and were made up fro.i ten 20 ga. lots. The sponge
titanimi for each lot vas pressed into a wafer ap-roximately 11 in. x I in.
x in. and then baked out at about 14000 C. in vacuo, to remove residual
uagnesiui chloride which othervise caused considerable sputtering when the
sponge was melted. The appropriate amount of addition element was then
pressed into the titaniiu compact; additions -.hich were in powder form were
enclosed between two leaves of aluminiiu foil and pressed in as capsules.
Each compact was melted into a button which was remelted twice, being turned
over each time; vithout this prei.ielting of the compacts some segregation
was found in the hot rolled products.

The premelted buttons were then built up into an ingot by introducing
them one at a time into the melt and using power sufficient to riaintain at
least twice the voluie of one button molten.

CONFIDENTIL
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Analysis figures given in the tables show that approximately O.02P,
tungsten was picked up during melting.

Hot Working

Earlier observations had indicated that titaniz aluminium alloys
required comparatively high working temperatures. In the present work,
preliminary hot rolling tests with 20 gn. buttons of alloys containing up
to 40, aluminium, made from the sponge OON by arc melting were carriedout. These gave the results represented by Fig.1 which also includes
data obtained from the rolling of titanim-aluminiuia alloys melted in the
Association's graphite resistance furnace. In these tests the rolls were
heatec to about 100 -to 150qC.., and 15 reduction was imposed in a single
pass. The figure shows that as the aluminiua content of the alloys
increased it was necessary to raise the rolling temperatures to avoid
cracking.

The ductility of a narrower range of titanium-aluminiua alloys vras
examined in more detail by impact tensile tests. The speed of deformation
in these tests is somewhat faster than in hot rolling, but approximates
more to the rate of deformation in rolling than to that in ordinary tensile
testing. The results arc detailed in Table I, from wiich it can be seen
that there is a sudden increase in the ductility of the alloys at a
temperature depending: on the aluminium content. Referencc to the phase
diagram Ishoaws that this occurs vhn the alloys enter the alpha plus beta
or-beta phase fields. The results of these tests are described in more
detail later, but it vdll be noted from the Table that alloys containing
more than 5% aluninium do not develop high ductility at a temperature of
10000C., the temperature adopted in the present vork for fabrication of
the binary 5% aluminium alloy and the ternary alloys based on it.

Except where otherntisc stated, all of the alloys described here wTere
pre-heated to 10000C. in air, and rolled in air, rith the rolls preheated
to 1000C. - 1500C., until the thickness of the ingot was reduced from
approximately I in. to 0.25 in. In most cases the furnace temperature
was then lowered to 9500C. and the sheet reduced to 0.060 in., if. required.
The ingots were cross-rolled twice in the early stages of rolling, and
were reheated between each pass of approximately 2C' reduction.

At 10000C. all the ternary alloys based on titanitum 5% alurinium had
reasonable hot working characteristics, but some edge cracking took place
in those alloys containing boron, carbon, silicon, tungsten and vanadium
additions. In no case was this severe enough for the shoot to be scrapped
and, at its worst, cracks up to I in. long, running into the sheet,
occurred. in strip 3 in. Yride. The cracking was generally worse at the
higher alloy contents and vanadia additions had the greatest detrimental
effect.

The maximum aluminium content of a binary alloy which could be hot
worked at 10000C., was.8% (using sponge Ti Q.A.B.). At this composition
edge cracking occurred when an attempt was madc to lower the working
temperatures as the sheet became thinner.

Machining

It has been found convenient to cut sheet material vith a slitting
wheel, although, if cracking is to be avoided, care is necessary vith
some of the alloys, notably.those containing chroi4u or iron additions.
This difficulty was mentioned in an earlier reportkl) and a method of
avoiaing it given. The rate of whocl wear for slitting and grinding
titanium and its alloys is considerably greater than for other more usual
metals.

For other machining operations the best results have been obtained
with carbide-tipped tools using slow cutting speeds. Some unalloyed
titaniur billets have been cut with a poeer hacksaw. Slow" heavy cuts
gave the best results and kept blade wcar to a rmi-iuz.
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Contamination with OxSygen and Nitrogen in Hot Working

The surface layer formed on the hot worked titanium and titanium alloys
was femoved by the use of two acid pick e5 in place of, the sodium hydride
bath and acid pickle previously used I). The first bath was a 15 hydro-
chloric acid mixture in which the specimens were allowed to soak for periods
of up to 30 minutes depending on the composition of the alloy. This
effectively loosened the layer and enabled -most of it to be scrubbed off.
The tenacity of tue layer increased as the alumninium content of the alloy
increased and was greatest on the alloys containing 8/) almLnium or more.
The second bath was a nitric-hydrofluoric acid mixture which removed the
last traces of surface contamination and left a "bright-pickle" surface
finish.

Table VII givs the hardnes,. of titanium and the alloys in various
conditions and it can be seen from the figures that any contamination which
occurred on hot working in air at 10000C. did not cause hardening of these
materials. It may be inferred from this that if any oxygen or nitrogen was
absorbed during this fabrication, the effect vas confined to the surface
layers.

This was confirmed for oxygen, by taking a piece of 0.050 in. thick
titaniti, hot rolled at 10000C. and turning off different thicknesses of
surface layers. These layers were turned off from both sides of the sheet
and at any one part of the sheet the same depth was taken off from both

sides. Oxygen analyses were done on the different thickness of remaining
metal.

The results of these analyses and the thicknesses of the samples are
given belov:-

Thickness Depth turned Oxygen
of remaining off from Content

metal surface 5

0.050 in. nil 0.484
0.045 in. 0.0025 in. 0.097
0.035 in. 0.0075 in. 0.084
0.025 in. 0.01 25 in. 0.086

The pickling process described above removed a surface layer about
0.004 to 0. 008 inch thick and the results above indicate that this eliminated
contamination with oxygen arising from the hot-working operations.

ivTALLOGRAPHY OF THE 1ATERIALS

The folloving brief account of the metallography of titanium and its
alloys will help the reader to recognisc various structural features of the
materials referred to in later sections of the report.

A fuller account of the metallography of the materials is given in the
Appendix.

Great care is necessary in the interpretation of the titanium alloy
structures as revealed by the microscope and the aid of X-rays is almost
alvays necessary. The main reason for this is that titanium itself under-
goes a transfonation during cooling from cubic body-centred beta titanium
above 8850C. to hexagonal close-packed alpha titanium7 below this tempera-
ture. The transformation is affected differently by various alloying
elements and the resultant structures naturally differ according to rate of
cooling and heat-treatment. In addition, certain alloy systems require
very long times to attain equilibrium at temperatures below about 8000C.,
and this must also be taken into account.

CONFIDENTIAL



6 CONFIffENTIAL

As an illustration of the diversity of structure which can be
exhibited by a single phase, Plate I shows four entirely alpha structures.
'A' was formed by quenching from the beta region and is a typical trans-
formed structure. 'B' shows a dendritic structure formed on slow cooling
through the transformation point, followed by annealing at a lower tempera-
ture. Similar structures are formed when quenched material is annealed in
the alpha range provided no recrystallisation takes place, tC shows
equiaxial alpha grains formed on recrystallisation in the alpha range, and
'D' an apparently two-phase structure formed on quenching from the alpha+
beta range, the two components being in fact alpha vhich has been formed
rapidly from beta, and alpha which -as stable at the quenching temperature.

A great variety of alpha-beta structures uas obtained. In some,
fine equiaxial alpha grains were connected by a grain boundary film of
beta, (see Plate IIA). In others, a very coarse grain size at the
quenching temperature results in very large grains consisting of platelets
of alpha and beta laid dowm in geometrical array; an example of this
structure is shovrn in Plate IIB. Again, small particles of alpha might be
distributed in the grains and along the boundaries, the matrix consisting
of beta and alpha (Plate IIC) or alpha might appear as spies in a beta
matrix (Plate IID).

The only all-beta alloy studied gave a similar appearance to the all-
alpha alloy illustrated by Plate IC.

It can be seen from the above that, whetcas an alloy consisting of
beta only cannot show a transformed structure, alpha can take almost an3
form; and alpha bcta structures can vary widely.

A further characteristic of these alloys is that material containing
alpha and beta at temperatures below the transformation range can be
converted to either all alpha or all beta, depending on the composition.
Similarly the proportion of the two constituents may be altered in either
direction. The behaviour in any system deonds on the beta-stabilising
characteristics of the alloying elemcnts(1M). The ay these different
changes can occur is explained below.

Suppose Fig.2 represents the relevant part of the equilibritmi
diagram of titanin containing 5, of aluminium Nith a third element I.
There exists for certain alloy systems a content x, of IM, above which the
beta phase is retained on quenching from the beta field and below which
the beta is transfoned to alpha. Consider now an alloy containing a , of
M, quenched from the beta field. lll the beta is transformed to alpha.
When cooling from the beta field is slow, the first alpha to separate has
composition b and the remaining beta composition c. According to the
usual rules, these compositions change along the lines bd and ce while
cooling continues, until the last alpha separating has composition d and
the last beta to transform to alpha has composition e. The resultant
structure consists entirely of alpha. But now suppose we take an alloy
containing Wo of M. On quenching from the beta field the alloy is all
alpha as before, but on slowly cooling from the beta field, or on
quenching from lower temperatures a different result ensues; for, when
the temperature represented by the line vn is reached, alpha of composi-
tion v forms and the composition of the residual. beta changes, during
further cooling, along the line nrt. At the tempo6raturc represented by
qr, the residual beta becomes stable, and no longer transforms on
quenching. Alloys quenched from below this temperature therefore contain
beta in quantities decreasing as the teoraturc of quenching decreases,
although quenching from the beta field gave entirely alpha structures.
Compositions lying to the right of xx consist of beta on quenching from
the beta field and alpha+beta on quenching from the alpha+-beta field.

Bearing in mind the features described above, it becomes possible to
interpret logically the structures of all the alloys examined in the
present survey.

COPIDEiML'L
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ZPACT TENSILE PROPERTIES OF THE TITANUI
ALU1INIII ALLOYS

Specimens of dibell shape with 0.225 in. diameter by in. long gauge
lengths i.achined from 2 in. thick hot rolled plates were used for impact
tensile tests. The specLens were preheated in a furnace close to the Izod
machine and kept at tfe testing temperature for about three minutes. About
2 seconds elapsed from the time the specimen was taken out of the furnace to
the time it was broken. The energy of the swing was 120 ft. lbs. for all
the room temperaturc tests and 40 ft. lbs. for the elevated temperature
tests. One half of each specimen was iater quenched within one second of
fracturc.

Binary titanium alloys containing 5>,, 85, and 1&.' aluminium were tested
at room and elevated temperatures, mainly to obtain a measure of their
ductility at the temperatures at which the matcrials might be forged or
otherise hot worked. T7o 5, aluminitm ingots were tested, one made up with
sponge titaniui (Q. A.B.) and the other with iodide titanium (QAC). This
latter ingot was, however, made up before the present melting technique was
established and microexamination indicated that there was some segregation
across the section of the rolled material. The remaining ingots were made
up using titaniiz sponge (QAB) by the improved premelting method and were
apparently free froia segregation.

The 5, and 8/ alu,initum alloys were hot rolled at 11000C. and the lap*
aluminium alloy at 11800 C. These materials were quenched after the last
pass throu%h the rolls. They all had transformed structure;s of the type
shovai in Plate liA showing that the metal was in the beta' phase field at
the rolling temperature.

Examination of the quenched part of the impact tensile specimens showed
that at the lower testing to.pcratures this transfomed structure persisted
during the period that the spcixaeois wcre held in the alpha phase field
prior to testing.

Vlith increasing, temperature some changes in structure appea red particu-
larly at temperatures above thu alpha/alpha+beta transus and some heat
treatments (described in the Appendix) wcre carried out on the rolled
materials to d ,te-,iine the nature of the changes.

The rusult of these tests (Table I) indicate that alloys with up to.
at least 10/. alu.inium have fair elongation at room temperature.

For all the alloys tested the ductility increases rapidly at tempera-
tures corresponding to the alphW-alpha+beta boundary of the binary phase
diagram. Iicroexam-ination of the quenched test pieces confirmed that the
materials were in the alpha+beta or beta phase fields when the1 displayed
high ductilities. These results were consistent with those described
earlier in this report on the rolling trials of the titnium-aluminitmr
binary alloys.

The 5j alLuminiu, alloy (P&X41) made from iodide titanium was slightly
more ductile but weaker (c.f. energy to fracture values) than the corres-
ponding alloy (PZ,04) m.iade from sionge titaniuh.

The structures produced in these particular alloys by rolling were
clearly unstable, and the results of the tests may have bbon affected by
changes of structure occurring i,hen the test pieces were brought up to
temperature.

TEiTSILE PROPrRTIES

The tensile properties of the materials were determined on a Hounsfield
Tensorietcr. Speciens were cut from blanks 3 in. long x - in. vvide and
had a gauge length I in. long and 1 in. ride.

CONFIDEiTIAL
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Results are the average of two or more specimens unless otherwise
stated and are given to the nearest f ton or 21o. In most cases the results
for any one material fell within the following limits:-

U.T.S. and L. of P. - + I ton/sq in.

Elongation on I in. - + 17

Reduction of area - +

The limit of proportionality for these materials as detennined on the
Hounsfield Tensometer approximates roughly to the 0.2;1o proof stress.

The room temperature tensile properties of the sponge titanium and
alloys based on it, in various conditions, are givcn in Table II. The
sheet titanium made from the sponge QAB used for most of this work has a
room temperature tensile strength of about 36 tons/sq.in., and an elonga-
tion of 20 in the 'as rolled', annealed, and heat treated conditions.

In the 'as rolled' condition the titaniui. 5I aluminium alloy (PZX 46)
is stronger and less ductile than when annealed., showing that some effects
of working remain in the material; at the final rolling temperature the
alloy is nearly all alpha phase, but micro-sections showed that, unlike the
titanium specimens, the crystals of the titanium-aluminiun alloys Trere
severely distorted and showed clear evidence of retained work.

Ternary additions to the titanium 57"; ali.inium alloy nearly all
.strengthen the 'as rolled' materials at the expense of ductility. Addi-
tions of 0. 42/ boron, 0.75/ and. 1.5/ carbon, 127 chromiu, 5 iron, 5 and

10% molybdenum, Z/ silicon and 3., and 8.77 vanadium reduce the ductility
to less than 57. In the case of the 1 27 chromium, 57* and 101,, molybdenum
and 8.77 vanadium alloys, an anneal at 10000 C. restored the ductility to
more than 5% elongation.

In the 'as rolled' condition the 5 aluminium 127 chromium alloy
vas all beta phase, (Plate IVA), but after annealing a considerable amount
of alpha had been formed (Plate IVB). inealing the 5, almainium 5
molybdenum alloy, (see Plates IVC and Iv-D), and the 5 i aluminium 8.7j
vanadium alloy (Plates VA and B), had the effect of markedly coarsening
the alpha phase particles in the beta matrix.

The alloys containing 0.42/, boron, 0.757 and 1 .51 carbon, 57 iron,
Zi6 silicon and 3.9r; vanadium, were brittle both in the 'as rolled and
annealed conditions. The high oxygen content of the 3.91 vanadium alloy
(0.36/z 02) probably accounts for its brittleness in both conditions as the
alloy with a higher vanadium content (8.77) was ductile when annealed.

The room temperature tensile properties of stress rupture specamens
(see later section) uhich vere unbroken after 500 hours, at 400°C. or
5000 C., and had extended less than 1/, wrerc d.etermined and the results of
these tests arc included in Table II. The properties of the as rolled
titanium 57, aluminiium alpha alloy are not significantly changed by this
heat treatment, suggesting that in this alloy no strain relief takes
place with heat treataents of up to at least 500 hours at 5000C.

Ternary alloys containing chromium and iron were completely
embrittled by this heat treatment. It would be expected that the ternary
alloys containing manganese would also become embrittled. by a low tempera-
ture heat treatment, as in the binary titanium systo;-'is containing chromium,
iron and mapganese, a eutectoid decomposition of the beta phase takes
place (7, 8, 9). Plate VC and D shovis the titanilm 51, aluminium 5/6
chromium alloy in the rolled condition and after ageing at 5000C. The
fine precipitate present in the aged alloy is presumably Cr3Ti2, and the
embrittlement may be attributed to its dispersion in the alpha matrix.

In the r emaining alloys, vihich were pulled after stress rupture
testing, some strength improveent vis produced in most cases, notably
in alloys containing I/ columbium, 51. molybdenum and 107 molybdenum.

CONFIDENTI=L
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Two of these had ultimate tensile strengths greater than 80 tons/sq.in., and
retained not less than 5> elongation.

The alloy containing 5;. tungsten had lost its ductility after being
at 4000C. for 504 hours, and alloys containing 5.1. and 9.5>: zirconium lost
their ductility after treatment at 5000C., but not at 4000.

STRESS-RUPTURU PROPERTE]S

Stress-rupture creep tests were carried out on creep units of B.N.F.design using the same size specimens as for the tensile tests. Loads were
applied using a 5:1 lever ratio. The temperature control was ± 100. at
4000C. and 5000C. and uniformity of temperature along the gauge length was
controlled to + 10C. The specimens were raised to temperature in 3 hours
and held at temperature for 21 hours buforc the load was applied. After
completion of 504 hours (provided that the specimen had not failed) the test
was ended and the extension of the I in. gauge length measured with deviders.
The accuracy of this method of measurement is + 2/"

The grain size of these materials is included in the tables giving the
stress rupture time results. The effect of grain size on the results may
be considerable but to date no comparative tests have been done on any alloy
v,ith different grain sizes.

The stress-rupture tLme properties of titanium at 400C. and 500°C.
are given in Table III and those of the alloys at 400°C. and 5000C. arc
given in Tables IV and V respectivuly. These tests were carried out for
times up to 504 hours and the extensions of broken and unbroken specim ens
measured.

The test stresses were varied to detr.mine the stress producing 1,. or
less extension in 504 hours.

The stresses producing 1/, or lesa extension in the hot rolled titanium
at 4000C. and 500O. are approximately 10 and 2 tons/sq.in. respectively;
for the titanium 5/_ aluminiu alloy they arc approximately 30 and less than
1 2 tons/sq. in. : for the titaniui 87 aluiinium alloy they are 35 and not
less than 14 tons/sq.in. shoving that alminiiui additions considerably
improve the elevated tumperature properties of titanium.

At 4000C. thu best of the ternar- alloys, based on titanium 5- aluminium
withstood stresses (lass than 1/. extension) not less than 38 tons/sq,in.
(for 51 . and 10 ' molybdenum and 1/ silicon additions) and 40 tons/sq.in.
(for a 10, zirconiu addition).

at 5000C., these stresses are not less than 14 tons/sq.in. (for 57
molybdenum, V,, silicon, 51 tungsten and 10,7 zirconium additions). The best
result so far obtained at 5000C. is for the 5,,' molybdohma ternary alloy,
which withstood a load of 18 tons/sq.in. for 504 hours with 1:. extension.

In general, all the alloys have butter high temperature properties than
titanium itself', and, having regard to the fact that these are single
specimen tests, the molybdenuu, silicon and zirconium alloy additions to the
titanim 5/. aluminium alloy give the most improved properties. The 10/
zirconium and 51- molybdenum additions gave the best alloys at 4000C. and
5000C. respectively.

AGEIG PROPERTD]S

The effect of quenching and ag6ing'the alloys was followed by hardness
determinations. In addition, specimens in the annealed, rolled and
quenched conditions were examined both motallographically and by X-rays.
Tables VI and VII give respectively the X-ray results and the hardness values
of the alloys in various heat treated conditions.

Small specim ns about -- in. square viore cut from hot-rolled strip and
were heated in a vertical tube furnace at 10000, 8000 or 6000C. for I hour,

CONFIDENTIAL
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2 hours, or 5 hours respectively before quenching into a water bath.

The furnace atmosphere was argon, purified by passing it first over
phosphorus pentoxide and then through titanium turnings at I0000C. The
rate of flow of argon during the heat treatment was 3 to 4 litres/hour.

Batches of quenched spucimens were clamped between titanium strips and
the hardness of the quenched materials was determined on the cross-section
of the specimens. The batches werc aged at 4000C. or 5000C. ± 50C. Li an
electric muffle furnace and hardness determinations carried out at suitable
intervals.

The results for titanium and some selected alloys containing.5
aluminium and 57 aluminium with boron, colLnbium, molybdenum, silicon,
tungsten and zirconium are summarised in Table VIII. Those for alloys
containing 51. aluminium with additions of chromium, iron, manganese and
vanadium arc given graphically in Figs. 3, 4, 5 and 6 respectively.

Neither quenching, nor subsequent ageing at 4000C. or 5000C. had any
great effect on the alloys containing 51' aluriniuL or 57 aluminium with
boron, columbium, silicon, tungsten or zirconium additions. The alloys
containing 51' aluinium with 3,* and 5/ tungsten additions showed some
hardening after ageing at 40000..

The alloys containing 5j. aluminium ivth 5,' and 1 2,. chromium additions
both hardened appreciably on ageing at 4000. and 5000C. (Fig.3). Approxi-
mately the same maximum hardness values were reached at both temperatures,
but the alloy containing 12/ chromium reached a higher ma.imum value than
the one containing 5,. chromium. Both alloys retained this maximum at
4000C. up to at least 30 days but slowly softened at 5000C. The 5,, chrormiu
alloy softened more rapidly than the 12S chromiu- alloy.

The 5>, aluminiuimi 5; iron alloy hardened considerably at both tempera-
tures, (Fig.4), retained its hardness at 4000C. for at least 15 days and
slowly softened at 5000C.

- The alloy containing 1,. manganese showed no response to ageing, -but
the 5,_ manganese alloy hardened considerably at both 4000C. and 5000C.
(Fig.5) retained its hardness at 4000C. for at least 15 days, and slowly
softefted 'at 5000C.

Additions of vanadium to a titanium 51 aluminium alloy increased the
hardness of the metal considerably, particularly in the case of 5'. and 10/_
vanadium additions. Both these alloys age hardened, in particular, the
hardness of the 1G," vanadium alloy aged at 4000C. (Fig. 6), was still
increasing after 16 days, but slight softening occurred at 5000C.
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TABLE I

Impact Tensile Tests on Arc-helted Titanitu
and Titanium Alloys

Test Redn.
B.N.F. Tempera- Elonga- of Ft. lbs.
Mark Composition / ture tion % Area absorbed0C. -

PZY26/4 Ti (Sponge Q. A. B.) Room 23 35 49
/6 400 45 25 29
/5 700 54 30 17
/2 800 50 80 15
/3 850 53 37 13
/1 900 66 100 11

PZX41/3 Ti 4.1 .l 0.08 N2  Room 21 30 38
/5 (Iodide Ti Q.A.C.5 480 35 70 31
/6 580 36 70 28.5
/7 680 36 65 25
/8 780 27 35 17.5
/10 880 34 70 17.5
/11 980 40 80 11.5
/4 1080 85 100 9

PZX5 4/2 Ti 5.1 Zl 0.14 N2 Room 17 25 60
13 0.006 W 400 26 30 39
/5 (Sponge 8.'. B. 700 30 57 29
/1 800 33 63 24
/6 900 32 46 24
/4 1000 63 80 21

PZX55/I Ti 8.3 1.l 0.11 N2 Room 17 27 60
/2 0. 025 W 400 17H 253 H
3 (sponge Q..B.) 700 32 46 39

/4 900 27 45 31
/5 1000 30 45 28
/8 1050 84 100 26
/6 1100 99 100 19

PZX56/1 Ti 10 Yl (N) 0.13 N2 Room 13 20 54
/2 0. 024 W 400 18M 32m M
/3 (Sponge B. 700 26 30 33
/9 800 24 30 29

A goo 26 35 30/5 10O00 23 30 26

/8 1050 33 35 23
/6 1100 85 100 17

(N) Nominal composition.

Specimen did not break
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TA,BLE II
Room Temperature Tensile Properties of 1rc-I-;elted Titanium

and Titanium u.oys

B. N.CF. U.T.S. L. ofP Elonga- Redx.6

Mark Composition ConditionN tons/ tons! tion of

sq. in. sq. i. ; on Arca

PZY 23 Ti 0.094 02 A . IO00oC. 38 32 18 29
0.08 N2
0.018 W

PZY 31 Ti 0.116 02 As Rolled 33.5 30 22 40
0. 08 N2 1A. 10000C. 31 27 22.5 28
0.014 W

As Rolled + 35 31 21 42
606 lirs. at
4000C.
As Rolled + 35 29 21 39 J
604 hrs. at
5000C.

PZY 35 Ti 0.085 02 A Rolled 36.5 32 18.5 33
0.023 W 32

PZ 46 5 l (N) 1.120 02 s Rolled 63.5 57 3.5 27

0.08 N2  An. 1 0000c. 50 43.5 15.5 3+
0. 027 7 As Rolled + 66 64 12 25 ,i

504 hrs. at
4000C.
As Rollcd + 61 59.5 11 24504 hrs. at
5000C.

PZX 72 8.0 Al 0.06 02 As Rolled 67 63 10 20
0. 02 17

PZX 63 5.2 Al1 . 24 B As Roll - 60.5 56.5 7.5 19.5
0.045 02

PZX 64 5.0 ,al 0.42 B As Rolled 67 65 2 7.5
o.o6 02 An. 10000C. 59.5 - 1.5 4.5

PZX 39 5 Al (N) 0. 75 C (N) As0 olle- 69 67 - -

0.11 N2 A. 10000C. ------ BRITTLE --------
Pzx 40 5 Al (N) 1.5 C (N) Ann. 1 0000OC.

0 . 10 N 2 B RI I - - - -

PZ[ 48 5.0 A.l 5.04 Cr As Rolled 80.5 75.5 6
" 0.065 02 As Roolod + 7

0.14 N2  504 hrs. at --------- BRITTLE -------
As Rolled + --- 5-- BRI TLE.

504 hrs, at
5000C.

PZX 47 5.0 Al 12.03 Cr As Rolled ------ BRITTLE
0.105 02 1An. 10000C. 63.5 J61.5 f7 16
0.09 N2 nn. I 0000C. + . . . . BRITTLE --------

24 hrs. at
40000.

I 0 0 0 0C " - - . . . . . . . . .- B R I T L E
504 hrs. at
40000.
Ann. 10000C. +
504 hrs. at BAITTLE .......
5000C.

/oonttd
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TABLE II (continued)

B.N.F. U.T. S. LofP Elonga-,Redn.

Mark Composition % Condition* tons/ tont/ tion of

s . s,in. on Area

PZX 49 5 Al (N) I Cb (N) As Rolled 53 49 16 45
0.115 02 As Rolled + 57 55.5 II 29.5/
0.08 N2  504 hrs. at

400°C.eP
f. Rolled + 55 52.5 .5 16 $
504 hrs, at
500°C.

PZX 50 5 Al (N) 5 Cb (N) As Rolled 69 61.5 7 1.6
0,113 02 As Rolled + 72 70 5 13
0.11 N2  504 hrs. at

4000C.

PZX 51 5 Al (N) 10 Cb (N) As Rolled 71.5 66 7 16
0.093 02 As Rolled + 82 78 5 23
0.11 N2  504 hrs. at

40000.

PZX 52 4.4 Al 1.27 Fe As Rolled 67 61 9 25
0.095 02 As Rolled + 73 70.5 6 20.5/
0.13 N2  504 hrs. at
0.022 W 4000C.

As Rolled +
504 hrs. at 73. 70.5 3 12
500C.

PZX 93 5 A (N) 3 Fe (N) .s Rolled 87 84 6 21.5

PZX 70 4.9 il 5.0 Fe As Rolled 98 93 4 7.5
0.069 02 nn. I 0000C. 74 72 3.5 5

;,s Rolled + "RTLAsRole -------------- BITTLE ----- ---
504 hrs. at
400°C.

As Rolled + -------- BRITTL--------504 hrs. at
5000C.

PZX 36 4.6 Al 1.5 Mo As Rolled 59 55.5 7 7.5
0.136 02 Anrn. 1 0000C. 53 48, 5 11.5 21
0.06 N2 As Rolled + 66.5 63.5 8 21.50
0.052 W 504 hrs. at

4000C."s Rolled + 66.5 62.5 7 14 /
504 hrs. at
5000C.

PZX 57 5. 0 ,l 4. 9 ho As Rolled 81 70.5 4 7.5
0.11, 02 ,nn. 10000C. 62.5 60 13.5 43
0.12 N2 Annealed + 74.5 70.5 9 17.0
0.23 N 504 hrs. at

40000.
innealed + 72.5 70 11 13 $
504 lirs. at
50000.

PZX 91 8 Al (N) 5 Mo (N) As Rolled 89.5 84.5 3.5 7.5
a,'. 100000. 73.5 71.0 14.5 27.5

/cont'd
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TABLE II (coltinued)

Elonga- Redn.U.T. S. L of P ton f

.N.F. Composition % ConditionN tons/ tons/ on Area

ark s n. sq. in. I in.

PZX 58 4.9 A1 10.0 Alo As. Rolled- - BRITTLE

0.11 02 Arm. I000°C. 67 63.5 10.5 23
0.11 N2  Ann. + 504 hrs. 84 79 7 15

at 400°C.
Ann. + 504 hrs. 79.5 77.5 7 12.0
at 500°C.

PZX 73 5.6 l 1 ,i (N) As Rolled 65 61 7.5 26

0.01 02 . .. ...... .

PX 74 5.9 a 5 Ia As Rolle d 86 84 7 14.5
0.007 02

0.04 W

PZX 59 4.9 Al 0.52 Si As Rolled 65.5 60.5 13.5 32

0.11 02 As Rolled + 69.5 65 9 18.0
0.11 N2 504 hrs. at
0.018 W 4000C.

is Rollcd + 67 64.5 14 23
504 hrs. at
5000C.

PZX 90 8 ,l (N) 0.5 Si (IT) 4s Rolled- --------- BRITTLE-------
Ann. 10000C. BRITTLE

PZX 44 5 al (N) 1 Si (N) As Rolled 70 64 10 24.5
0.10 N2 As Rolled + 75 73 9 18.59

504 hrs. at

40000.
is Rolled + ,74 69 7 12.5.
504 hirs. at

500°C.

PZX 45 5 il (N) 2 Si (N) As Rolled 73 66 3.5 6

0.09 N2 inn. 10000C. 57 - 2 5

Pzx 68 5.2 Al 0.22 V As Rolled 74.5 69.5 6.5 10.5
0.21 02 ......

ZX69 5.0 la 3.9 V &s Rolled BRITTLE -

0.36 02 Af. 10000C. ----- BRITT= - -

PZX 71 4.6 Al 8.7 V As Rolled BRIT1
0.17 02 An. 1000°c. 70 655 11.5 20.5

Pzx 65 5 Al (N) I Wi (N) ',s Rolled 57.5 51 5 20.5

0.05 02 As Rolled + .66 64 4 17.5/
504 hrs. at
4.00 0 C.

PZX 66 5 Al (N) 3 W (N) As Rolled 70.5 64 6.5 15
0.10 02 As Rolled + 77.5 745 8 23

504 hrs. at
4000C.
As Rolled + 76.5 72.5 6 10.5
504 hrs. at
5000C.

PZX 67 5 Al (N) 5 W (N) As Rolled 68.5 63 8 18

0.07 02 As Rolled + 76.5 1 3.5
504 hrs. at
400 C.

C017IDENT LL



16 CONFIDNTIAL

TlBi= II(Cotinued)

U.T.S. L of P Elonga- Redn.

B. N. F. tion of
Mark Composition /_ ConditionN tons/ tons/ on Areasq. i n. q in , I in. %

PZX 60 5 Al (N) 0.95 Zr As Rolled 63.5 59 12.5 17
0.083 02 As Rolled + 69 68.5 6 9.5/

504 hrs. at
+000C.
As Rolled + 65 63 5 18.5/
504 hrs. at
500°C._

PZX 61 5 1l (N) 5.1 Zr Ys Rolled 68.5 .64 7 22.5
0.067 02 As Rolled + 72.5 71 10 26.5

504 hrs. at
4000C.
As Rolled + 70.5 .  68 3
504 hrs. at
5000C. -.

PZX 62 5 Al (N) 9.5 Zr Ls Rolled 74 •67.5 9 14.5
0.05 02 As Rolled + 75.5 74 8 18.5/

504 hrs. at
4+0000.
As Rolled + 72.5 70.5 1 2
504 hrs. at
5000C.

Single specimen only, which was previously used for stress rupture test.

(i) Nominal composition.

Specimens tested after 504 hrs. at 4000 or 5000C. wore unbroken stress-

rupture test pieces which had cxtended less than 1;.

TLBIX III

Stress Rupture Pr perties ofArc Iielted Titanium

Testing Stress Elong-
B.N.F. C Tempera- ton Life ation Material
Mark Composition ' ture sl hours }. on Condition

OC. sq.

PZY23 Ti 0 94 02 400 10 504? 2 inn. 10000C.
/7 0.08 N2  12 476 31
/1 15 32 29
13 17 0 18
/2 " 20 0 20 "

PZY31/7 Ti 0.116 02 400 8 6o6m I As Rolled
/9 0.08 N2 10 606H 1 it

/1 12 288 35
/2 " 15 0 21

PZY23 Ti 0.094 02 500 3 504N 8 Ann. 10000C.
/4 0.08 N2 " 5 90 34 "

/5 7 16 51 "
/6 9 6 35 At

PZY31/20 Ti 0.116 02 500 2 600+ I As Rolled
/11 0.08 N2 i 3 5040 12 "
/3 " 4 295 65 "
/ it 5 67 79 "
/17 " 6 78 76 "
/21 7 1 71 "

*Test discontinued. CF N
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T1BLE IV

Stress Rupture Properties of Lrc-;ielted Titanium ialoys at 400 C.

Composition ) Elong-
B. N.F. Stress Life ation Material Grain
Mark Ti + tons/ Hours / on Condition Size

sq. ixL I in. na=.

PZX46/4 5 L1 (N) 0.08 N2  30 504?' < I As Rolled 0.035
/6 -35 273 18
/8 37 12 12

PZX72/5 8.0 l1 35 504 I LIs Rolled 0.004
/6 37 504' 2
/1 38 504?e ..... 3

PZx63/8 5.2 4a 0.25 B (N) 35 390- 14 ;s Rolled 0.017
456

PZX48/3 5.0 Il 5.04 Cr 30 500' 2 As Rolled
/0 .105 02 35 5 0 4 ?" 3
/7 0.14 N 2  38 5 0 0' 4.... ..

PZX47/5 5.0 Al 12.03 Cr 25 5 04  I Ann, 1000°C. 0. 034
/8 0.065'02 Brittle fracture outside gauge length
/10 0.09 N2  on application of load/11 _ _ __ _ _ _ _ _ _

PZX)+9/3 5 'l (N) 1 Cb (N) 25 504-w I As Rolled 0.028
113 0.115 02 30 0 15
/5 0.08 N2 35 0 20

PZX50/4 5 ,A (N) 5 Cb (N) 30 504' 2 As Rolled 0.005
/6 0.113 02 35 500 3
/7 0.11 N2  38 7 min. 14

PZX51/3 5 l (N) 10 Cb (N) 30 504!'  2 -.s Rolled 0.004
/6 0.093 02 35 504?' 9

0.11 N2

PZX52/5 4.4 !a 1.27 Fo 30 504 2 As Rolled 0.007
/17 0.13 N2  35 504:" 11

0.022 W

Pzx36/i5 4. 6 .1 1.5 Lio 20 50)' <1 As Rolled 0.01
/4 0.136 02 25 504? <1
/10 0.06 N2  30 504?' 2
/12 0.052W 35 393 16

;PZX57/5 5.0 ,l 4.9 ,Io 30 502i <1 ArnC000°0. 0.003
/10 0.12 N2 38 504!' 1
/14 0.23 W 40 504 12

PZX58/9 4.9 ,,a 10.0 o 30 504" <1 Ajn.1000C. 0.002
/7 0.11 N2 38 502' I

/440 5014 2

PZX73/1 5.6 ,a f lin (N) 35 500+ 10 As Rolled 0.005

PZX74/2 5.9 A-l 5 12n (N) 37 504" 4 As Rolled 0.098

PZX59/11 4.9 l 0.52 Si 25 504" <1 As Rolled
/5 0.11 N2  30 504 -I
/8 0.018 W 35 504?' .1
/7 38 504" .2
/io 40 504H 4

/cont'd
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TABLE IV (continued)

Composition % Stress Elong- Av.
B.N. ton i fe ation Material Grain
Mrk Ti + Hours on Condition Sizesq. ia I in. rm

PZX44/3 5 Al (N) I Si (N) 25 504" <1 As Rolled
/11 0.10 N2  35 504N 2
19 38 504" <1
/13 40 504" 2

PZX?I 4.6 Al 10 V (N) 35 504" 2 Ann.10000 C. 0.098

PZX65/17 5 Al (N) I W (N) 32 504? 2 As Rolled 0.003/5 35 363 14

PZX66/2 5 Al (N) 3 W (N) 35 504 <1 As Rolled 0.003
38 504? 4

PZX67/7 5 Al (N) 5 W (N) 35 504 <I As Rolled. 0.002
13 o40 504" 11

PZx60/9 5 A1 (N) 0.92 Zr 35 504" <I As Rolled 0.029
/_ 40 504" 2

PZX61/3 5 Al (N) 5.1 Zr 35 504" 1 As Rolled 0.025
/7 40 504" 2

PZX62/3 5 Al (N) 9.5 Zr 35 504 1 As Rolled 0.014
/11 40 504? 1

Test discontinued

(N)Nominal composition

XGrain size not clear in fas rolled' condition

TIBLE V

Stress Rupture Properties of Alrc-Ifelted Titanim
Alloys at 50000.

Composition stress Elong- Av.
B.N.F. tion Life ation Material Grain

sq. in. Hours 5 on Condition Size
I I in. mm.

PZX46/9 5 Al (N) 0.08 N2  12 504" 17 As Rolled 0.035
/5 14 349 67
/16 15 241 49
/15 16 117 23 _

PZX72/8 8.0 Al 14 504" 1 As Rolled 0.004
/3 16 504" 3

PZX63/O 5.2 Al 0.25 B (N) 14 321 38 As Rolled 0.017

PZX48/4 5.0 Al 5.04 Cr 14 504" 2 .As Rolled #
/16 0.065 02 16 504" 4
/12 0.14 N2 17 504" 9

/cont'd
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TABL7 V (continued)

Elong- Av.

B.N.F. Composition Stress Life ation vaterial Grain

Mark Ti + tons/ Hours , on Condition Size

sq. in. 1 in. .m.

PZX47/6 5.0 Al 12.03 Cr 12+ 504" 1 Ann.1000C. 0.034
0.105 02

0.09 N2

Pzx49/4 5 Al (N) I ob (N) 12 504? 14 As Rolled 0.028

/11 0.115 02  14 151 56
0.089 N2

PZX5O/11 5 Al' (N) 5 Qb (N) 12 504" 29 As Rolled 0. 005
/5 0.113 02: 14 371 62,
/16 0.11: N2  16 218 36:

PZX51/10 5 Al (N) 10 Gb (N) 12 504" 13 As Rolled 0.004
/15 0.093 02 16 316 45

0.11 N2

PZX52/11 4.4 ia 1.27 Fe 14 •504" 3 As Rolled 0.007
/14 0.13 N2  16 37 27

0.022 W

PZX36/5 4. 6 Al 1.5 14o 10 504" 1 As Rolled 0.01

/6 0.136 02 12 504? 2
/11 0.06 N2 14 504" 4
/17 0.052 W 16 504" 18

PZX57/12 5.0 'l 4.9 hio 14 504" A . Im.1OOOOC. 0.003

p 0.12 N2  16 504" <1
/6 0.23 W 18 5042" 1I 3, . ..

PX58/12 4. 9 la 10.0 1;o 14 504' 7 Alm. 1000 C. 0.002
/6 0.11 N2  15 504 m 2
/10 16 504. 3

PZX73/1 5.6 Al 1 (N) 14 154 58 As Rolled 0.005

/0 16 58 4 _

PZX74/7 5.9 Al 5 n-ia (N) 16 160 40 As Rolled 0.098

PZX59/4 4. 9 AIl 0.52 Si 12 504' <1 As Rolled
/1 0.11 N2  14 504" , 2
/15 0.018 vT 16 504 3

PZX44/4 5 A (N) I si (N), 1 5o <I ,s Rolled
/10 0.10 N2  15 504- 3
/6 16 500' 3
/ 5 1 7 5 0 4 8 ....

PZX68/8 5.2 Al 1 V (N) 14 360 16 is Rolled 0.004

PZX71 4.6 Al 10 V (N) An.I 0000 C. 0.098

PZx65/4 5 ,a (N) I W (N) 14 280 29 As Rolled 0.003

Pzx66/3 5 Al (1) 3 77 (N) 14 504" 3 As Rolled 0.003

iZX67/11 5 Al (N) 5 W (N) .14 504 1 As Rolled 0.002

13_ __ _ _ __ 1'6 504r 3 _ _ _ _ _ _ _ _

PZX60/15 5 Al (N) 0.92 Zr 14 504" 4 As Rolled 0.029

Pzx61/14 5 Al (N) 5,1- Zr 14 504? 2 As Rolled 0.025

PZX62/13 5 Al (N) 9.5 Zr 14 504" <1 As Rolled 0.014
/2 16 504" 2

MTest discontinued (N)Noiminal Composition

/Grain size not clear in 'as rolled' condition.
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TABLE VII

Hardness (V,.LoJ Titaniuxi and Titaniui Ailo
Various Heat Treatments

* - AsSheet SHEET -

B. N.F. Composition Rc i ... le Aneed -

1dark (Nominal) ingot Sheet 100000. W.Q. W ,, - . Q
6000C. 8000C. 10000C.

PZY 23 Ti (Sponge 4,B) 182 199
31 Ti 192 179 163 21.9_
32 Ti 187 190

(I 82

35 Ti 181
PZX 46 5 Al 311 312 292 288 289 264

72 8 1 306 346 315 294 288 309

59 5 Al 0.5 Si 334 314 306 305 305 315

44 5 Al 1.0 Si 351 341 313 3014 314 328

45 5 Il 2.0 Si 384 354 343 315 335 321

47 5 A.l 12 Cr 345 316 3 81 498 377 341

48 5 al 5 Or 321 387 350 360 347 323

49 5 Ial I Cb 293 268 281 269 266 272

50 5 A,l 5 Cb 347 319 304 295 318 325

51 5 -l 10 Cb 329 348 328 286 301 362

36 5 l 1 Iio 301 320 317 309 289 344

57 5 Al 5 io 353 338 345 334 320 318

58 5 al 10 liio 409 352 324 365 335 293

52 5 Al I Fe 326 339 338 346 333 355

70 5 1 5 Fe 400 430 358 376 365 362

60 5 al I Zr 377 322 281 292 289 302

61. 5 Al 5 Zr. 381 335 304 329 306 321

62 5 A,l 10 Zr 330 357 335 351 324 363

65 5 Al I W 296 321 264 280 306 306

66 5 Al 3 xv 343 337 353 322 339 328

67 5 A 5 WT 328 353 309 352 310 318

63 5 il 0.25 B 310 315 269 270 288 352

64 5 I 0.5 B 340 327 299 309, 311 309

68 5 Y1 I V 371 363 371 344 344 352

69 5 a 5 V 500 419 385 417 369 421

71 5 Al 10 V 364 407 349 343 326 393
73 5 Al I M. 290 341 280 310 276 345

74 5 Al 5 IUn 348 420 338 338 327 366

Mnnealed ingot

TiBIX VIII

Effect of Heat Treatment on the Hardness of Some Titanium Alloys

Hardness V.P.N.

B.N.F. Composition Quenched Quenched
!,1ark (NorLinal) Annealcd Quenched 1000c. 10000C.

1000 0C. 1000OC. Aged I hr. Aged 15 days
at 400c. at 4000C.

PZY 31 Ti 163 219 225 210

PZX 46 Ti 5 Al 292 264 300 309

63 Ti 5 Al 0.5 B 299 309 304 325

51 Ti 5 l 10 0b 328 362 342 370

44 Ti 5 'l I Si 313 328 320 324

67 Ti 5 Al I o 317 344 324 340

36 Ti 5 Al 5 Vi 309 318 335 362

62 Ti 5 Al 10 Zr 335 363 370 374
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,PPENDIX

Metallographic Observations on Titanum and It loys

All the alloys described in the main part ol' the report were examined
micrographically in all conditions; most were also subimitted to X-ray
examination. As the metallographic work was only incidental to the. main
purpose of the research, no attempt was made to explore the alloy systems
thoroughly, but it is nevertheless thought worth while to record some of
the observations maae and the conclusions draim4

Me tallographic Techniques

Both electrolytic and mechanical polishing have been used.

jacquetts(l0) reagent proved fairly successful for most alloys, but
difficulty was experienccd ith alloys shoving clear equiaxial alpha
structures; these tended to develop undulating surfaces which did not
prohibit micro-examaination but made photography unsatisfactory. The greatest

disadvantage of this method, however, is that specimens cannot be polished
after mounting in bakelite. Since one bakelite mount can easily accommodate
10 or 11 samples of sheet 0.060 in. thick, it was found more convenient to
mount the samples thus and polish mechanically.

Hechanical polishing w,s on Selvyt cloth iprcgnated with diamond
particles of less than I micron diameter. It was necessary to grind to
6/0 emery before polishing with diamond, the "Bluebell" stage being omitted.
The Selvyt was moistened with white spirit and polishing took about thre
hours.

Various mixtures of hydrofluoric and nitric acids in water vere used
for etching; the >.roportions arc by no means critical. The plain cquiaxial
alpha structures, which viore always difficult to prepare, were sometimes
much improved by swabbing w,.ith 50% nitric acid.

A thermal etch is readily developed on titaniua alloys and samples
annealed in vacuo nonially showed a bright macro-etched surface. A rather

different oxaiple, showing tie undcrfacu of an ingot after the top had been
molten in the arc furnace, is illustrated in Plate VIi.

In all photographs of wrought materials the rolling direction is
parallel to the long edge of the photograph.

Interpretation of Structures

This is discussed in the main report.

Structures found in Ternary 1lloys

The titanium/aluminiumi,diagram due to Bumps, Kessler and Hanson(2)
shows that at 5% aluminim the alpha+bota field extends from 9550C. to
9750C. The alpha/alpha+beta transus line rises to 10050C. at 8, aluminium

and 10200C. at I0c aluminium.

All the third elements, except carbon, which wcre added to titanium
containing 5% of aluminium lower the transfoimation temperature of pure
titanium; therefore, for all the ternary alloys studied, the transformation
temperature should be lower than 975 C. Accordingly, heat treatment at.
100000. followed by quenching should produce structures containing either
alpha and beta or only beta, where the beta-stabiliscrts influence is
sufficiently strong. Wher6 the influenco of the aluminiu predominates,
alpha stable at the quenching temperature or alpha formed from the beta
during the quench, or both, should be present.

Alloys consisting entirely of alpha solid ecolution at room tempera-
ture were obtained when 1% of coluxbiu. or up to 9.5% of zirconim were
added to the 5's alumi-nium alloy regardless of heat trcamcnt. The silicon

CODTF IDENTI:L
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(up to 41), carbon (up to 1.5%) and boron (up to 0.5 ) alloys consisted only
of alpha solid solution and widely dispersed particles of intermetallic

compounds. The compounds found in the alloys containing silicon and carbon

had the structures associated with the formulae Ti5 Si3(
T2) and TiC. The

compound occurring in the boron-bearing alloys is unidentified. In the

boron-bearing alloys the particles lay in lines parallel to the rolling

direction (Plate VIB) and both in these alloys and in those containing

silicon were smaller than in the carbon-bearing alloys; the latter exhibited

an interesting phenomenon which will be discussed more fully below.

All these alpha alloys, whether containing primary particles or not,
Ywere finer grained than the corresponding binary titanium/aluminiun alloys.

Only one alloy consisted entirely of beta in any of the conditions
studied. This was titanium containing 51 of aluminim and I of chromium,
as rolled or quenched from 10000 C. All the remaining alloys, after

annealing or quenching from 8000C. or 6000C. consisted either of alpha only

or of alpha and beta in varying proportions according to heat treatment;

alloys containing 1% iron, 3.9% and 8.7_ vanadium, 1'.' or 51 manganese, and
5%I of molybdenun behaved as for composition m in Fig.2.

Structural Changes on Ageing

Only the alloys containing 5 and I l/ of chromiui, 5,.1 of manganese,
5> of iron and 8.7i of vanadiiu show significant harden:ig on ageing at

400C. or 500cC. Of theso, the IZ; chromitm alloy and the 5'- iron alloy
showcd no structural changes on ageing. The 5 e chroniuiz and 5;7 manganese
alloys were very siilar in structure after quenching, consisting of small
clear particles of alpha in a transfomed matrix; after ageing the smll
clear particles had been partly absorbed. The structure of the 10/1 vanadimi
alloy appeared to contain more alpha after ageing than after quenching from
10000C.

This complctes the general survey of the structures of those alloys,
but one or two points of interest which arose during the work are considered
worth further discussion.

Embrittling Compound in Titanium/Aliuiniuz.Carbon Alloys

Certain titanium/aluminia alloys, after heat-treab,ents at tempera-
tures between 5000C. and 10000 C., wore observed to contain a finely-
divided precipitated phase. The distribution and amount of the precipitate
depended on the aluminiLui content, the purity of the alloy, the temperature
of huat-treatment and the timc at that tmperature. The effect of the
precipitation (in the I aliziniWia alloy at least) was to reduce the elonga-
tion of the materials, vury markedly in the carbon contwinated kroll-
melted alloys, but to a much lesser extent in the arc-melted materials. The
tensile strength and hardness were little affected. The observations
leading to the above conclusions are described below.

!,aterials

The materials used fall into three groups; (i) those melted in a Kroll
type of graphite resistor furnace(II-) (nominal aluminium contents of I,/, 2/*,

3>, 4/', 6> and 8>), (ii) those melted in the arc furnace (nominal aluminium
contents of. I, 5 and 10,:) containing no added carbon and (iii) arc-melted
alloys containing 5/ of aluminium with 0.75> and 1.5 nominal carbon content.
Kroll-mclt3d alloys normally contain more than 0.1> of carbon; the arc-
melted material should contain only about 0.05> carbon or less unless carbon
was deliberately added. A list of alloys examahed is given in Table I,
below.

COMFIDENTIAL
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TABLE I

Composition of i1atrials

Nominal Approx. Oxygen Nitrogen
B.N.F. Melting Aluinium Carbon Content Content
M a,rk Method Content Content

/2 A.) (Anal.)

OGZ 4 Kroll I (anal.) 0.65(anal.) 0.111
(Graphite
crucible)

OGZ 31 " 2 >0.4
OGZ 58 it 3 it

0GZ 30 4 4 I
oGz 63 " 6 "

OGZ 64 " 8 "

PZX 13 Arc 1 0.05 0.076
PZX I " 4.22(anal.)
PZX 2 " 7.48 (anal.)

PZX 39 t5 .75 0.11

PZX 40 5 1.5 0.10

(anal.) by analysis

Occurrence of the Precipitate

In Kroll-melted alloys the precipitate has only been observed within
the grains of the specimens containing 4," or less of alminiiu. Heat-
treatment at 9000C. produced no precipitate in the alloys containing 1 or
4,. of aluminixi but it was present, in small quantities, at 21- and 31, of
aliumum. After heat-treatment at 8000 C., 7000 C. or 6000C. (5 hours) the
alloys containing 1, 2, 3 or 4/' of aluziniiu all showed the precipitate.
In the 1/7' altminium alloy, after heating at 6000 C., it Yas very dense, and
distributed at random. (Plate VIIA). A highly ordered distribution was
produced by heating the 4j, alloy at 800C. for 2 hours (Plate VIIB) and
almost any density of distribution and degre of order between these tyro
occurred according to temperature and composition; another example is
illustrated by Plate VIIC. Plate VIID shows the appearance of the particles
at high magnification. A little precipitate, siLmilar in distribution to
that in Plate VIIAi, but very much less in quantity, vras produced in the 1/
aluminium alloy after 5 hours at 5000C., but shorter times at this tempera-
ture or 5 hours at lower temperatures failed to produce it in any of the
materials.

Four materials prepared by arc -.iclting (but without deliberate carbon
additions), unalloyed titanium and alloys containing 12, 4 i and 7.57 of
aluLiinium, were exaL.ined after two treatments only; "(i) the anneal at
1000 0 C. followed by slow cooling and (ii) treatment (i) followed by 5 hours
at 6000C. and water quenching. The latter treatment, which was known to
produce the heaviest precipitation in the Kroll melted 1 alziniu- alloy,
caused traces of the precipitate to appear in the alloy containing 1 " of
aluzminiz, but it was not seen in any of the other materials.

The precipitate did not appear in any of the ternary alloys made in
the arc furnace cxcept those to -which carbon had been added deliberately.
Two such alloys, containing 5> of alum.inium and 0.75z7 or 1.5>] of carbon,
were examined. In the as-rolled condition they contained a heavy
precipitate randomly distributed as in Plate VI". ifter quenching froa
800 C. the precipitate appeared in an ordered array. It was not seen
after other heat-treatments.

COFIDENTL
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Electron micrographs of the Kroll 
melted 3, - and W, aluminium alloys

revealed that the particles were discs, 
or possibly needles, set at an

angle and lying in piles along planes 
in the grains (Plate VIIE). This is

clearly shown by the fact that the 
particles on any one plane throw shadows

all in one direction, wich differs, 
however, from one plane to another -

(Plate VIIF). MsLny boundaries found to consist of similar particles

closely packed which had even in some places, merged; 
others, however,

remained clear and free from precipitate.

Effect of the Precipitate on Mechanical Properties

Only a very small quantity of material being available, mechanical

tests were of necessity very liited in nu.ber, but the results give some

indication of the effect of the precipitation, particularly on elongation.

The materials chosen were Kroll melted and arc 
melted 1/' aluminiu alloys,

and they were tust,, in two conditions, (i) after annealing for I hour at

100OC. in vacuo and cooling slowly in the furnace, and (ii) after treat-

mcnt (i) followud by holding for 5 hours at 60000. in argon and quenching

in water; th(" latter trcat,icnt was known to produce very heavy precipitation

in Kroll-meltcd material. The Hounsfiold tensomctor tensile test was used,

the spociiiuns being in. in -idth over a I in. gauge length. The Kroll

melted material ras 0.060 in. thick and the arc-molted material 0.030 in.

thick. The results are given in Table II below.

TABLE II

11echanical Properties of Titaium Containinjj Aluinium

B.N.F. 1%lting CU. T. S. Elonga- Redn. Hard-

1I 1,otCondition tons/sq. in. tion Area ness
ark Meinthod % / V.P.N.

OGZ 4 Kroll Ann.1000°C. 58.9 18 38 295

(mean of 3)

,, Ann.1000 C. 53.5 _i 3.5 301
+ 5 hr. 6000C. (I only)

water quench

PZX 13 Arc Ann.1000C. 24.5 43 37 138

(mean of 2)

it Ann.1000°C. 24.3 33.5 28 139
+- 5 hr. 600°0. (mean of 3)

wiater quench

It can be son that, whereas the strength and 
hardness of both materials

were not iuch affected by the low temperature heat-treatLent, 
the elongation

of the Kroll melted alloy was drastically 
reduced. This effect was reproduced

but to a much lesser extent, in the arc 
melted alloy.

The Identity of the Precipitated Phase

Only one experimental method has been 
used in attempts to identify the

precipitate.

The method used was to over-etch grossly, 
so that precipitated phases

stood proud of the matrix, and eaminc the surface by electron diffraction.

A sample of the Kroll-meltcd 3 i aluiminium alloy, which contained a heavy

precipitate, was examIned in this ;ay. A complete pattern of titanium carbide

was obtainud and titanium lines wcrC absent, indicating that the technique

had been successful, but giving no information about the precipitate, as

larve particles of carbide are present in all Kroll-melted alloys. A similar

toehnique applied to arc-melted materials gave 
only a titanium pattern.

CON2IDENTIAL
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The main differences in composition between arc-melted alloys and
Kroll-melted alloys made from the saze supplies of metal-is in carbon
content. There may also be differences in oxygen, nitrogen or hydrogen
content, or in more than one of these, resulting from the different melting
techniques in the two furnaces. The precipitate, therefore, may contain
aluminitra and one or more of these elements; alternatively, it need not
necessarily contain any of them, but may be throvn down as the rcsult of
changes in the oxygen, nitrogen or hydrogen contents brought about by heat-
treatment.

Hydrogen seems unlikely to be a constituent of the compound, as the
sanples containing the preocipitato had all been arnealed at 10000C. in
vacuo before the heat-treatments at lower temperatures (in purified argon)
which caused the precipitation. It is known that all hydrogen is readily
removed from titanium by vacuum heat-treatment at temperatures above
85000. (1 3)

Diffusion of oxygen and nitrogen into titanium is extremely slow, and
composition differences in the main body of the material are unlikely to
result from the short heat-treatments given.

There remains carbon. In view of the appearance of the precipitate
in quantity resulting from the deliberate addition of carbon to arc-melted
materials, which otherwise shoved only traces of it, it becomes almost
certain that carbon causes the precipitation; it does not necessarily
follcy that carbon is a constituent of the precipitate, which remains
unidentified.

Changes in Transformed Structures Occurring on Heating Below the
Transformation Point.

In pure titanium, the alpha for.ed from beta ihen the metal passes
through the transformation point differs only in structure from the beta.
In the alloys, while the average composition remains unchanged, the first
alpha to separate will have a different composition from the matrix beta,
according to the usual rules, as well as a different structure. On
subsequent annealing, therefore,. diffusion may be e2:pected to take place,
vith corresponding effect upon the maicrostructure., In worked Yaterial,
recrystallisation may also occur. In conhection with the impact tensile
tests described in the main report, it becme of interest to know whether
structural changes wore occurring in the alloys during heating in the
furnace before breaking. A series of heat-trcatm-ents wer therefore given
to the binary alloys containing 5, 8 and I0 alu-inia, and the effect on
the icrostructure was studied.

The rolled plates, W in. thick, all had a transfo med structure
si.ilar to that shown in Plate IlIA, indicating that cooling had boon
rapid across the alpha/alpha+beta transus temperature. After 5-10
minutes in the furnace before breaking and quenching at teipraturcs
between 60000. and the transforaation point, these structures were found
to persist; speciens broken and quenched above this temiperature showed a
transfon.ed structure of more clearly defined platelets, Plate IIIB.
Recrystallisation had not occurred in any spec:ien, although the final
pass in rolling had produced 16;, reduction in thickness and no subsequent
anneal had been given.

The heat-treat,:ents, wuhich were carried out in air, showed that at
all compositions the structure of the rolled matrial persisted for at
least 16 hours at 6000C. The 5/9' almdiniu- alloy recrystallised completely
after 2 hours at 9000C., five minutes at this temperature producing no
effect and 15 minutes causing the onset of rocrystallisation in some
parts of the specimen. Even after rocrystallisation, the original trans-
formed structure of the rolled material could still be sen faintly in the
background of the equiaxial grains, iich were very IAuch smaller than the
grains of the rolled material (Plate IIIC). The specimens broken at
10000C. had been in the alpha+beta region and had a typical transforyed
structure. The alloy containing 8> of aluinim showed si.ilar charac-
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teristics, recrystallisation begLLing after 15 minutes at 900°C. but only

being complete after 2 hours at I000"C. the original transfoned structure

was again visible in the background. The specimen quenched fro2 1100C.

had been in the alpha-beta range.

The alloy containing 10> of aluminium had a rather different structure

after' rolling. The general appearance -as of a transformed alloy, but each

clatelet wa,: heavily veined with dark ines (Plate lID). On heating for

periods of' up to 2 hours at Io000C. or for longer ties at lower temperatures,

the veining faded slowly until an almost clear dendritic structure was

obtained (Plate IIIE). After 10 iiinuies at 11000C. the alloy had

reCrystallised to very large oq-La:zed grains, but had also been in the alpha+

beta range and the grains consisted of thick boundary layers of transformed

material surrounding clear alpha areas (Plate IIIF).

It is clear from the foregoing that changes in the structures of these

alloys do take place on annealing. If the original transformed structure

represents concentration gradients th,so are only 
very slowly dispersed on

arnn-alin<. Recrystallisation does occur, but, -ith the dgree of residual

work present in these spccimxaens, temiperaturcs of about 1000C. below the

alpha/alpha+beta transus line are necessary before 
it can be initiated.

Further evidence that recrystallisation is slow in starting and requires

considerable heat even after heavy working was provided when 5/, and 10'

alLuinitz alloys, some of wliich had been cold-workod as much as 3R/J, were

annealed to facilitate further rollin,,. Even with this high degree of cold

work, a rainimium temperature of 8500C. was found necessary to initiate

recrystallisation.

SLT121AY

3inary alloys of titanium uith alumini-u and ternary alloys of these

two elerjents Yrith many oti-ers have been examined in various conditions. A

gr,at variety of structures 1-as been found, all of which are consistent with

the vie,: that - of al7u-inii; added to titanim does not materially alter

the alloy systui,,s formed betveen titaniu.i und the third element. Ageing

characteristics could not be directly linked with changes 
in microstructure.

A unidentifi<d minor constituent has been observed in titaniu.-

alu-iniul:carbon alloys in certain conditions and its presence has been

found to embrittle the alloys.

The effect of hat-truatzment on transfonaeL structures, produced by

rapid cooling of irought binary titaniw.Valuminia alloys, has been studied.

It h!.s been found that such structures can persist oven after recrystallisa-

tion has occurred.

Plates I - VII and Figures 1-6 were provided by the British Non-Ferrous

M etals Research Association.
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PLATE I

TYPES OF STRUCTURE FOUND IN TITANIUM ALLOYS

Al VAI

A.-a. Formed on rapid cooling from B.-q 1. Formed on slow cooling from
the fi field. x 200 the 1, field. x 6~5

*7 ,

C.-(j. Recrystallised in the u~ region. D-a and acicular a. Quenched from
x 400 the (xt + (t field but [, not retained.

x 200

H.N.F.M.R.A
R93



PLATE 11

TYPES OF STRUCTURES FOUND IN TITANIUM ALLOYS

x4.41

~J
~I

A.-Ij ±- Quenched from the B.-(t~ i. Geometrical arrangement
4 il, field. l- retained on quenching. of a and 1 platelets. x 200

x 200

-~~ .P

IsI

~ 44'j7

C--( + 11 ( particles in (I + 13 [.-u + (i. u spines in f,matrix.
matrix and at grain boundaries. x 200 X 100

C I184,'R93



PLAT II1

CHANGES IN Tk~ANSFERRtl) STRUCTURES ON ANNIEALIN6

A.-Ti-5- l 1 Tanfre trcuepo B.-Ti-50/ A]. a-Impact tensile sp--imen
duced by quench after last pass through rolls, broken at 1,000' C. and quenched. x 100

x 100

K ~N\

C-Ti-V8' Al. aj-Rolled plate. Two hours at D-Tj 10" Al. (L-Rolled plate. Two hours at
1,t000' C. and quenched. x 100 900, C. and qucnchcd. x 400

E.-Ti-10",, Al. a-Rolled plate. Two hours F.-Ti-10" A 1. aand acicular a-Impact ten-
at 1.000 C. and quenched. x 100O site specimen broken at 1,100' C. and quenched.

Ij present at test temperature but not retained.
x 100

B.N,F.,M .R.
R93



PLATE IV

A.-Ti-5'<i A]-12"", Cr. ji-As B.-Ti-5% AI-121// Cr.~ in B~
rolled. x 600 ma-trix. Annealed 1,000' C. x 200

4 4c

i r~

ft.i-.

.4ry4*

~P ~.
~. .1 V ~ V.~

C-Ti- ' " AI-5%, Mo. ai ±+1 D.-Ti-5% A1-51%: Mo. i+ -
As rolled. x 400 Annealed 1.000' C. x 400

B.N.F. M.R.
R93



PLATE V

~ ~ VV

J

A'

'i0

C.-Ti-5% AI-5% Cr. Mainly a.D.-Ti-5% AI-5 % Cr. Water
As rolled. x 600 quenched 1.0000 C. and aged 61 days

at 5000 C. x 400

B.N.F.M.R.A
R93



PLATE VI

* IJ.

I
4t ' I . '

e* t

A.-i-1".Al.Surac ofingt.B.-i- %1 A]105 . Qunce

Theral ech. 55 rom ,000 C. 20

B.N.F.M.R.~ 'I '93



I PLATE VI1

EMBRITTLING CONSTITUENT IN Ti Al-C ALLOYS

V'0'

A.- i-10 ,, l. Ra dom ditrbuion of pr -B -T -- %A ]. Ge m ti ditib to of prcp -

II _

C.-Ti--4, A]. Appearance of precipitate after D.-As (C). x 15t00
heat treatment at 7t0 C. x 600

E-i-3(11 Al. Electron micrograph of precipi- F.-As (E). Showing shadows thrown in different
tatc produced by heat treatment at 8000 C. x 6000 directions. x 8500

3NF.M.R.A
R93
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